Hyperactive RAS signaling is caused by mutations in RAS genes or a deficiency of the neurofibromatosis gene (NF1) and is common in myeloid malignancies. In mice, expression of oncogenic K-RAS or inactivation of Nf1 in hematopoietic cells results in myeloproliferative disorders (MPD) that don't progress to acute myeloid leukemia (AML). Because NF1 is a RASGTPase activating protein it has been proposed that NF1 deficiency is functionally equivalent to an oncogenic RAS. It is not clear, however, if Nf1 deficiency would be redundant in K-RASinduced MPD development or if the two mutations would cooperate in leukemogenesis. Here, we show that the simultaneous inactivation of Nf1 and expression of K-RAS G12D in mouse hematopoietic cells results in AML that was fatal in primary mice within four weeks and transplantable to sublethally irradiated secondary recipients. The data point to a strong cooperation between Nf1 deficiency and oncogenic K-RAS.
Introduction
Hyperactive RAS signaling is associated with the development of myeloid malignancies and can be caused by a deficiency in the neurofibromatosis type 1 gene (NF1) or by oncogenic mutations in RAS genes. Children with NF1 deficiency have an increased risk of developing juvenile myelomonocytic leukemia (JMML) and oncogenic mutations in RAS proteins are common in JMML and chronic myelomonocytic leukemia (CMML). 1 JMML and CMML are aggressive myeloproliferative disorders (MPD) that can progress to acute myeloid leukemia (AML) but usually only together with other genetic alterations. Thus, hyperactive signaling through the RAS proteins is likely an initiating event in the development of MPD.
This reasoning draws support from mouse models of hyperactive RAS signaling: Conditional inactivation of Nf1 in hematopoietic cells produces a fatal MPD with a long latency; 2 similarly, conditional expression of oncogenic K-RAS in hematopoietic cells produces a fatal MPD, but with a shorter latency. 3, 4 Both models exhibit growth factor hypersensitivity of hematopoietic cells, splenomegaly, and infiltration of myeloid cells in the liver-but they do not progress to acute leukemia, unless accompanied by other genetic alterations. 5, 6 NF1 encodes neurofibromin, a GTPase-activating protein for the RAS proteins. 7 Thus, NF1-deficient cells have increased levels of RAS-GTP which results in hyperactive RAS signaling.
Consequently, NF1-deficiency has been viewed as functionally equivalent with an oncogenic RAS mutation. This is supported by the fact that NF1 and RAS mutations are not found in the same patient. 8 But NF1 may also be involved in other signaling pathways. [9] [10] [11] At this point, the impact of Nf1 deficiency in the setting of an oncogenic RAS in bone marrow cells is unknown.
The MPD induced by Nf1 deficiency in mice is less severe than the K-RAS-induced MPD. We argued that if Nf1 deficiency was functionally equivalent to an oncogenic RAS, then inactivating Nf1 should have a limited effect on the development of K-RAS-induced MPD. To approach this issue, we bred Nf1 conditional knockout mice on a background of the latent oncogenic K-RAS allele and the Mx1-Cre transgene. Following Cre recombination in the triple-transgenic mice we could define the impact of simultaneously inactivating Nf1 and expressing K-RAS G12D in hematopoietic cells. 
Materials and Methods

Mouse breeding and in vivo experiments
Mice with conditional Nf1 fl alleles 12 (designated N) were bred with Kras2 LSL mice 13 Groups of 4-week-old mice were injected with 200 µg polyinosinic-polycytidylic acid (pI-pC; Sigma). Blood was analyzed with a Hemavet 950FS (Drew Scientific) and by manual differential counts. For transplantations, bone marrow (BM) cells were harvested 3 weeks after pI-pC treatment and injected into sublethally irradiated (650 cGy) wild-type mice. Animal procedures were approved by the animal research ethics committee in Gothenburg, Sweden.
FACS, colony assays, histology, and western blots
Splenocytes and BM cells were incubated with antibodies and analyzed in a FACSaria (BD Biosciences). Colony assays, histology, isolation of CD11b + cells, and western blots were performed as described. 15 RAS-GTP was analyzed with the Active RAS Pull-Down and Detection kit (89955, Thermo Scientific, Rockford, IL, USA).
Quantitative PCR
cDNA was synthesized from total RNA from CD11b + cells with the iScript cDNA Kit (Bio-Rad) and was used for real-time PCR with the Mouse p53 Signaling Pathway PCR Array (PAMM-027, SuperArray Bioscience Corporation, Frederick, MD), and with primers for Bcl11a, Bcl11b, and
Bcl6 in an ABI Prism 7900HT (Applied Biosystems
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Results and discussion
To define the impact of Nf1 deficiency in the setting of K-RAS G12D expression in hematopoietic cells, we injected pI-pC into Nf1 fl/fl Kras2 LSL/+ Mx1-Cre (NKM) mice, MPD control mice (KM and NM), and healthy control mice (Ctr). Consistent with previous studies, 3, 4, 16 all KM mice had died from MPD 98 days after pI-pC (median survival, 88 days) whereas NM and Ctr mice lived longer. In contrast, the maximum survival of NKM mice was 33 days (median 25; P < 0.0001 versus KM) ( Figure 1A ). Twenty-one days after pI-pC, white blood cell counts were 233 ± 16 × Figure 1G ). These results suggest that NKM mice develop a myeloid malignancy with a reduced latency and increased severity compared to KM and NM mice.
Peripheral tissues of NKM mice showed infiltration of myeloid cells and spleen and liver weights were increased 6 -10-fold and 1.5 -1.7-fold, respectively, compared to KM, NM, and Ctr mice (Figure 2A, B) . FACS analyses showed an increased proportion of CD11b + /Gr1 + , CD34 + , and CD117 + cells in the spleen of NKM mice ( Figure 2C ). Consequently, splenocytes and BM cells from NKM mice produced more colonies in methylcellulose both in the absence and presence of growth factors compared to the three control groups ( Figure 2D and Supplemental Figure) . The NKM colonies were larger than KM and NM colonies and occasionally contained blast-like cells, but most often contained atypical myelomonocytic cells. PCR genotyping of DNA from individual colonies showed activation of the Kras2 G12D allele in NKM and KM colonies and the presence of the deleted Nf1 Δ allele in NKM and NM colonies ( Figure 2E ). Levels of RAS-GTP in BM cells from NKM mice were indistinguishable from KM ( Figure 2F ). Similar results were found in isolated CD11b + cells (Supplemental Figure) . Thus, the enhanced disease severity of NKM compared to KM mice cannot be explained by differences in RAS-GTP levels.
The disease in KM and NM mice is not transplantable to sublethally irradiated recipients. [2] [3] [4] To determine transplantability of NKM cells, BM cells from pI-pC-treated NKM mice were injected into sublethally irradiated recipients: All mice (6/6) had died or become moribund by 12 weeks Table) . These alterations could contribute to the leukemogenic potential of the NKM cells. In light of a recent study showing that overexpression of Bcl11a cooperates with Nf1 deficiency in leukemogenesis, 5 we assessed Bcl11a expression in NKM cells. However, Bcl11a was not increased in NKM cells.
We conclude that simultaneous inactivation of Nf1 and expression of K-RAS G12D induced AML in mice. The likeliest interpretation of this result is that NF1 is involved in non-RAS pathways and that these contribute to AML in the setting of K-RAS G12D . However, at this point, we can't rule out the possibility that the AML is caused by hyperactive RAS signaling per se. For example, Nf1 deficiency might have no impact on K-RAS G12D signaling but could cooperate by deregulating N-RAS and H-RAS. 
